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(54) Control methods for electromagnetic valve actuators 



(57) A method for initializing an actuator valve (12) 
and controlling the valve (12) using current command 
control (100) or voltage control including an estimate of 
back emf (200). According to the initialization method of 
the present invention, a series of low voltage pulses 
(304) is applied to one of the solenoid coils (20, 24) in 
the actuator valve (1 2) according to the natural frequen- 
cy of the armature (16) movement in the actuator valve 
(12). The current command control method (100) of the 
present invention calculates a desired force (F em ) and 



divides the force into closing and opening components 
F em c , F em o , for calculating a desired current command 
lc_cmd, lo_cmd, for each of the solenoid coils. The back 
emf control method (200) of the present invention di- 
vides the current signal into close and open compo- 
nents, l 0> l c , that are individually processed and com- 
bined with a back emf estimate for each of the open and 
close solenoids, e c , e Q . The result is a desired voltage 
command, V c *, V 0 *. for each of the solenoids that is 
communicated to the power stage (34) in order to oper- 
ate the armature (16) as desired. 
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(54) Control methods for electromagnetic valve actuators 



(57) A method for initializing an actuator valve (1 2) 
and controlling the valve (12) using current command 
control (100) or voltage control including an estimate of 
back emf (200). According to the initialization method of 
the present invention, a series of low voltage pulses 
(304) is applied to one of the solenoid coils (20, 24) in 
the actuator valve (1 2) according to the natural frequen- 
cy of the armature (16) movement in the actuator valve 
(12). The current command control method (100) of the 
present invention calculates a desired force (F em ) and 



divides the force into closing and opening components 
F em _ c , F em o , for calculating a desired current command 
lc_cmd, lo_cmd, for each of the solenoid coils. The back 
emf control method (200) of the present invention di- 
vides the current signal into close and open compo- 
nents, l 0 , l c , that are individually processed and com- 
bined with a back emf estimate for each of the open and 
close solenoids, e c> e 0 . The result is a desired voltage 
command, V c *, V Q *, for each of the solenoids that is 
communicated to the power stage (34) in order to oper- 
ate the armature (16) as desired. 
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D scrlptl n 
TECHNICAL FIELD 

[0001] The present invention relates generally to con- 
trolling an electromagnetic valve actuator, and more 
particularly to control methods for electromagnetic en- 
gine valve actuation with variable timing to improve 
combustion control and fuel economy for an internal 
combustion engine. 

BACKGROUND OF THE INVENTION 

[0002] Typically in an internal combustion engine, the 
intake and exhaust valves are controlled mechanically. 
The valves are tied to the engine's crankshaft and thus 
there is limited flexibility in the control of the valves. 
Valve control is extremely important for optimizing fuel 
economy and reducing polluting emissions. Therefore, 
flexibility is highly desirable in valve control. 
[0003] It is known in the art to employ electromagnet- 
ically driven valve actuators in an internal combustion 
engine. Typically, these known systems require power 
circuits having high frequency switching devices in order 
to handle the voltage differences required to properly 
control the valves. Additionally, the control of the valve 
timing is critical and therefore, is the subject of much 
consideration. 

[0004] Improving the timing of thee lectromagnetically 
driven valves not only improves the engine's combus- 
tion capabilities, but may also reduce the pumping loss- 
es for air charging, thereby improving fuel economy and 
reducing emissions. Determination of the optimum cur- 
rent that should be applied to the opening and/or closing 
coils, and reducing the amount of excitation current that 
is required, are ongoing subjects of research. 

BRIEF SUMMARY OF THE INVENTION 

[0005] It is an object of the present invention to control 
the electromagnetic engine valve actuation system us- 
ing current-commanded control. It is another object of 
the present invention to use back electromotive force 
(emf) to compensate for nonlinear feedback control. 
[0006] It is a further object of the present invention to 
provide an initialization sequence for the above men- 
tioned control techniques that reduces the amount of in- 
itialization current required by an actuator. 
[0007] In carrying out the above objects and other ob- 
jects and features of the present invention, a method is 
provided that improves the timing of an electromagnetic 
valve actuator by improving the valve control. In one em- 
bodiment of the present invention, a desired current is 
calculated based on feedback from the actuator and a 
power circuit generates the desired current in order to 
produce the force necessary to operate the actuator. In 
another embodiment of the present invention the current 
control method is enhanced by applying estimated back 



2 

emf in order to calculate a desired voltage. The desired 
voltage is used to generate the voltage necessary to ob- 
tain the desired current, which will ultimately control the 
actuator. The back emf method of the present invention 

5 eliminates the need for any current regulation in the 
power stage, thereby reducing the size, complexity and 
ultimately the cost of the power stage. 
[0008] Additionally an initialization method is provided 
which reduces the amount of current required to initial- 

10 ize a coil of the actuator. According to the initialization 
method of the present invention, a sequence of pulses 
is applied to the closing coil at predetermined intervals 
in order to enhance the natural frequency of oscillations 
and thereby generate a sufficient initialization pulse 

15 without the need for excessive current. Smaller current 
requirements will allow a reduction in the size of the clos- 
ing coil to be realized, thereby increasing packaging 
space for other applications and at the same time re- 
duce the weight and cost of the electromagnetic valve 

20 system. 

[0009] Other objects and advantages of the invention 
will become apparent upon reading the following de- 
tailed description and appended claims, and upon ref- 
erence to the accompanying drawings. 

25 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0010] For a more complete understanding of this in- 
vention, reference should now be had to the embodi- 

30 ments illustrated in greater detail in the accompanying 
drawings and described below by way of examples of 
the invention. In the drawings: 
[0011] FIGURE 1 is a sectional view of an electromag- 
netically driven intake valve, which is controlled accord- 

35 ing to an embodiment of the present invention; 

[0012] FIGURE 2 is a schematic diagram of the elec- 
tromagnetically driven actuator system controlled ac- 
cording to an embodiment of the present invention; 
[0013] FIGURE 3 is a flow diagram of the current com- 

40 manded control method of the present invention; 

[0014] FIGURE 4 is a flow diagram of the back emf 
compensated voltage control method of the present in- 
vention; 

[0015] FIGURE 5 is a graph of the flux linkage vs. the 
45 current for the back emf estimator; 

[001 6] FIGURE 6 is a graph showing the armature po- 
sition response according to the initialization method of 
the present invention; and 

[0017] FIGURE 7 is a graph showing the excitation 
so voltage for either the opening coil, or the closing coil, 
according to the initialization method of the present in- 
vention. 

DETAILED DESCRIPTION OF THE INVENTION 

55 

[001 8] Figure 1 depicts an electromagnetically driven 
actuator 10 used in conjunction with any of the control 
methods of the present invention. The actuator 10 has 
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a valve element 12 having a valve stem 14 which has 
an armature 16 secured thereto. The valve element 12 
is slideably mounted in an engine head 18 of a cylinder 
block (not shown) of an internal combustion engine (not 
shown). It should be noted that while an intake valve is 5 
shown in Figure 1 , the present invention is as applicable 
to an exhaust valve (not shown). The exhaust valve is 
similar in construction to the intake valve, except the 
valve element is mounted in the cylinder block at a lo- 
cation above the engine head for opening and closing io 
an exhaust port. 

[0019] Referring still to Figure 1 , the valve element 12 
is driven by two opposing solenoids 20, 24. The sole- 
noids 22, 24 are opposed to each other in a longitudinal 
direction. A closing solenoid 20 biases the valve ele- 15 
ment 12 in a valve closing direction. An opening sole- 
noid 24 biases the valve element in a valve opening di- 
rection. The closing solenoid (20) has a core 21 and a 
coil 22. Likewise the opening solenoid (24) has a core 
25 and a coil 26. A spring means 23 is interposed be- 20 
tween the closing core 21 and the armature 16. Also, a 
spring means 27 is interposed between the opening 
core 25 and the armature 1 6. The force of spring means 
23 and 27 becomes zero when the armature 1 6 is posi- 
tioned in a balanced, or neutral, position. The spring 25 
means 23 and 27 act to bias the position of the valve 
element 12 in the opening direction when the armature 
1 6 is positioned upward of the neutral position. And, the 
spring means 23 and 27 act to bias the position of the 
valve element 12 in the closing direction when the ar- 30 
mature 16 is positioned downward of the neutral posi- 
tion. 

[0020] Selectively energizing the closing and opening 
solenoids with a driving current will move the valve ele- 
ment between a fully closed and a fully open position. 35 
When neither coil is energized, the valve element re- 
mains in a neutral position, intermediate a fully open po- 
sition and a fully closed position. 
[0021 ] Figure 2 schematically shows the arrangement 
of an entire control system according to any embodi- *o 
ment of the present invention, incorporating the electro- 
magnetic valve 12 shown in Figure 1. A controller 30 
controls the motion of the actuator 1 0 and the transitions 
between the fully open and fully closed positions for the 
valve element. The controller 30 provides commands 32 *5 
to a power stage 34 that feeds the correct current and 
voltage to the open and close solenoids 20 and 24 in 
the actuator valve. Feedback in the form of opening coil 
current l_o, closing coil current, l_c and armature posi- 
tion, X, are provided by sensors, not shown, to the con- so 
trailer 30. Any of the embodiments for the control meth- 
ods described herein can be implemented using the ac- 
tuator system shown in Figure 2. It should also be noted 
that the power stage 34 could include the capability to 
regulate current. 55 
[0022] Figure 3 is a flow diagram of the current-com- 
manded control method 100 of the present invention. As 
discussed above, the power stage (not shown in Figure 



3) has current regulation capabilities to regulate the cur- 
. rent supplied to the actuator according to the desired 
current calculated using this embodiment of the present 
invention. The current-command control method 100 is 
executed within the controller of the actuator system. 
The controller is supplied with the armature position, X, 
and input from a reference generator 1 02. The reference 
generator 1 02 provides a waveform that is stored in the 
memory of the controller and represents a profile of the 
preferred motion of the armature. Typically a sinusoidal 
profile is preferred. 

[0023] The armature position feedback, X, and the 
waveform from the reference generator 102 are 
summed 104 and processed by a proportional-integral- 
derivative (PID) controller 106 to generate a force, F A , 
that represents the force required to move the armature. 
A spring coefficient, K_spring, provides an estimate of 
the spring force that must be overcome in order to move 
the armature. Finally, the output of the reference gener- 
ator is processed 108 in order to estimate the acceler- 
ated force due to the mass of the armature, F B . These 
three forces, F A , K_spring, and F B are combined 110 to 
determine a desired force, F em , which is the electromag- 
netic force needed to move the armature as desired. 
The desired force is divided 112 into two components, 
a closing force, F em c , and an opening force, F em 0 . The 
division is made based on the sign of the component. 
The positive component represents the closing force 
and the negative component represents the opening 
force. Each component of the force is individually proc- 
essed 1 1 4 in conjunction with a fixed constant, FRC_c1 , 
which is generated using a model of the actuator. One 
skilled in the art is capable of generating this constant, 
and therefore, the mechanics will not be described here- 
in. 

[0024] The method 100 of the present invention pro- 
duces 116 two current commands. A closing current- 
command, lc_cmd, is generated by manipulation of the 
closing force component of the desired force. An open- 
ing current-command. io_cmd. is generated by manip- 
ulation of the opening force component of the desired 
force. Referring back to figure 2. these two current com- 
mands are communicated from the controller 30 to the 
power stage 34 by way of the commands 32 in order to 
provide the actuator 10 with the current necessary to 
move the armature as ce sired 

[0025] Figure 4 is a ftow diagram of another embodi- 
ment of the present invention, and provides an enhance- 
ment of the current -commanded method. The method 
is a back emf voltage control method 200. The back emf 
voltage control method 200 controls the power stage 
such that a voltage. v c * and v D *, is generated to obtain 
a desired voltage calculated in the controller. In the 
present embodiment, 200, the need for a current regu- 
lator in the power stage is eliminated. The back emf volt- 
age control method 200 of the present invention pro- 
vides more flexibility in the controller. 
[0026] The armature position feedback, X^, and a 
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waveform from a reference generator 202 are summed 
204 and processed 206 by a PI controller. As in the cur- 
rent command method discussed above the current is 
divided 210 into two components, l c * and l 0 *. However, 
in this embodiment, a current reference generator 208 5 
is used to divide the current. Feedback current for each 
of the coils, l c . fb and l 0 . f5 , is fed 212 into individual PI 
controllers 214, 216. The output is summed 218 with 
outputs e 0 and e c from a back emf estimator 220. The 
result is a desired voltage component for each of the io 
coils, v c * and v 0 * being provided to the controller for pro- 
ducing the command voltage needed to actuate the 
valve. 

[0027] According to the back emf voltage control 
method 200, the back emf in each coil is estimated 220 is 
and used to calculate 222 a desired voltage. The desired 
voltage is communicated to the power stage, where the 
power stage generates the commanded voltage. The 
current is regulated by software in the controller. 
[0028] There are several ways to estimate 220 the 20 
back emf. In particular, one method that can be used is 
to store the flux linkage, for the closing coil as a func- 
tion of armature position and coil current. The flux link- 
age is stored as a two-dimensional look up table and 
can be shown graphically 228, as in Figure 5. The x-axis 25 
represents the current, I, and the y-axis represents the 
flux linkage, The curves 230, 232, 234, and 236 rep- 
resent the armature position. At two sampling points, 
there is shown x fb (k), x fb (k+1), l c _ fb (k), and l c _ fb (k+1). 
From the look-up table, there is: 30 

*1 - *(UM. x fb (k)) 



* 2 - vtWk+i), XfcM), 

and 

* 3 = ^(U( k+1 )>x fb (k + 1)) 40 
[0029] The back emf is represented by the formula: 

where At is the sampling period. The same method 
can be used to estimate the open coil back emf, e 0 . 50 

^W. x ft (k+1))-y(l» fo (k + 1), x fb (k)) 
e o = At 

55 

[0030] In the alternative, back emf can be estimated 
for both the open and close coils as: 



At 

where ¥ 4 = ¥(l c . fb (k), x fb (k+1 )), or T 4 (U(k), X fb (k+1)). 
When the sampling period, At, is small enough, the two 
estimates should be very close. 
[0031] As discussed above, the output from the back 
emf estimator 220 is summed 218 to produce the de- 
sired voltages that will be communicated to the control- 
ler for the actuator. 

[0032] In another embodiment of the present inven- 
tion an initialization method is provided. It is particularly 
applicable to the current-command method 100 and will 
be described herein in conjunction therewith. However, 
it is possible to apply to the initialization method to the 
other control methods as well. The only difference is that 
in the back emf control method, the current regulation 
will be accomplished through software control in the 
controller, whereas for the current-command method, a 
current regulator accomplishes current regulation in the 
power stage. 

[0033] Referring to Figure 6 there is shown the posi- 
tion response 302 of an armature to the initialization 
method of the present invention. It is shown that the ar- 
mature oscillates from a low level to the desired initiali- 
zation level over a predetermined period of time. In the 
prior art, it is typical to apply a very high current to the 
armature in order to initialize the armature position. It is 
also known to use both the opening and closing coils to 
accomplish initialization. 

[0034] In the method of the present invention, only 
one coil is used to accomplish initialization. The arma- 
ture has a natural frequency that is enhanced by the ap- 
plication of pulses, as shown graphically 304 in Figure 
7, at predetermined intervals during the oscillation cycle, 
in order to enhance the amplitude of the oscillation. 
Working in conjunction with the natural frequency of the 
armature, it is possible to apply low voltage pulses, 
which means lower current, during the initialization proc- 
ess. 

[0035] In the preferred embodiment, only the closing 
coil is used for the initialization of the actuator. Typically, 
the closing coil requires higher power rating to move the 
armature because the armature is held at the closed po- 
sition at about 75% duty cycle. Therefore, the closing 
coil is typically the larger of the two coils in the actuator. 
By applying the initialization method of the present in- 
vention, the opening coil, and the driving circuit associ- 
ated therewith, can be significantly reduced in size and 
therefore, significant cost and space savings will be re- 
alized. It should be noted that while the preferred em- 
bodiment is to apply the initialization method 400 to the 
closing coil, similar results are accomplished when the 
method is applied to the opening coil instead. However, 
the benefits to space and weight savings are not as sig- 
nificant as when the method is applied to the larger clos- 
ing coil. 
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[0036] The invention covers all alternatives, modifica- 
tions, and equivalents, as may be included within the 
spirit and scope of the appended claims. 



Claims 

1. A method for generating a current command to a 
controller for an electromagnetic valve actuator sys- 
tem having a controller, a power stage and an elec- 
tromagnetic actuator having an armature therein, 
said method comprising the steps of: 

supplying said controller with a feedback signal 
from the position of the armature, a reference 
waveform representing a desired movement for 
the armature, and a spring force constant; 
processing said position feedback signal, said 
reference waveform and said spring coefficient 
to generate a desired force, F em ; 
dividing said desired force, F em into a closing 
force component, F em c , and an opening force 
component, F em o ; 

individually processing each component with a 
fixed constant to produce a closing current 
command, lc_cmd and an opening current 
command, lo_cmd; and 
communicating said current commands from 
the controller to the power stage for generating 
the current necessary to move the armature. 

2. The method as claimed in claim 1 wherein said step 
of processing said position feedback signal, said 
reference waveform and said spring force constant 
further comprises the steps of: 

summing said position feedback signal, and 
said reference waveform; 
processing said summation with a proportional- 
integral-derivative controller to produce a force, 
F A , necessary to move the armature; and 
processing said reference waveform to pro- 
duce an estimate of an accelerated force, F B , 
due to the mass of the armature; 
combining said spring coefficient, said acceler- 
ated force, F B , and said force, F A , to produce 
said desired force, F em 

3. The method as claimed in claim 1 wherein said step 
of individually processing each force component 
further comprises the step of generating said fixed 
constant by mathematically modeling movement of 
the armature. 

4. A method for generating a desired voltage com- 
mand for an electromagnetic valve actuator system 
having a controller, a power stage and an electro- 
magnetic actuator having an armature therein and 



opposing opening and closing solenoids, said, 
method comprising the steps of: 

summing a position feedback signal for the ar- 
5 mature and a reference waveform representing 

a desired armature motion; 
processing said summation by a proportional- 
integral controller to obtain a current signal; 
dividing said current signal into a closing cur- 
10 rent component and an opening current com- 

ponent; 

summing said closing current component with 
a closing current feedback signal; 
processing said summed signal by a propor- 
tional-integral controller to obtain voltage sig- 
nal; 

combining said voltage signal with an estimat- 
ed back emf for the closing solenoid to obtain 
a desired closing voltage signal; 
summing said opening current component with 
an opening current feedback signal; 
processing said summed signal by a propor- 
tional-integral controller to obtain a voltage sig- 
nal; 

25 combining said voltage signal with an estimat- 

ed back emf for the opening solenoid to obtain 
a desired opening voltage signal; and 
communicating said closing voltage signal and 
said opening voltage signal to the power stage. 
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The method as claimed in claim 4 wherein said step 
of dividing said current signal further comprises di- 
viding said current signal through software gener- 
ated current regulation. 

The method as claimed in claim 4 wherein said 
steps of estimating back emf for the opening and 
closing solenoids further comprises: 



40 storing a flux linkage, *P, for one of the sole- 

noids as a function of armature position and coil 
current; 

sampling said flux linkage for at leasttwo points 
in time; and 

45 estimating a back emf as a function of flux link- 

age, *F, and a sampling period, At. 

7. A method for initializing an actuator valve having an 
armature having a natural oscillation frequency, an 

50 opening solenoid and an opposing closing solenoid, 
said method comprising the step of applying a se- 
ries of low voltage pulses to one of said solenoids, 
said series of low voltage pulses being applied at 
predetermined intervals corresponding to the natu- 

55 ral frequency of the armature. 

8. The method as claimed in claim 7 wherein said series 
of low voltage pulses is applied to the closing solenoid. 
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